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Abstract: Alzheimer’s disease (AD) is the leading cause of dementia. Non-competitive
N-Methyl-D-aspartate (NMDA) receptor antagonist memantine improved cognition and molecular
alterations after preclinical treatment. Nevertheless, clinical results are discouraging. In vivo efficacy
of the RL-208, a new NMDA receptor blocker described recently, with favourable pharmacokinetic
properties was evaluated in Senescence accelerated mice prone 8 (SAMP8), a mice model of late-onset
AD (LOAD). Oral administration of RL-208 improved cognitive performance assessed by using
the three chamber test (TCT), novel object recognition test (NORT), and object location test (OLT).
Consistent with behavioural results, RL-208 treated-mice groups significantly changed NMDAR2B
phosphorylation state levels but not NMDAR2A. Calpain-1 and Caspase-3 activity was reduced,
whereas B-cell lymphoma-2 (BCL-2) levels increased, indicating reduced apoptosis in RL-208 treated
SAMP8. Superoxide Dismutase 1 (SOD1) and Glutathione Peroxidase 1 (GPX1), as well as a reduction
of hydrogen peroxide (H2O2), was also determined in RL-208 mice. RL-208 treatment induced an
increase in mature brain-derived neurotrophic factor (mBDNF), prevented Tropomyosin-related kinase
B full-length (TrkB-FL) cleavage, increased protein levels of Synaptophysin (SYN) and Postsynaptic
density protein 95 (PSD95). In whole, these results point out to an improvement in synaptic plasticity.
Remarkably, RL-208 also decreased the protein levels of Cyclin-Dependent Kinase 5 (CDK5), as
well as p25/p35 ratio, indicating a reduction in kinase activity of CDK5/p25 complex. Consequently,
lower levels of hyperphosphorylated Tau (p-Tau) were found. In sum, these results demonstrate the
neuroprotectant role of RL-208 through NMDAR blockade.
Keywords: NMDAR antagonist; cognitive decline; neurodegeneration; aging; Alzheimer’s disease;
oxidative stress; BDNF; apoptosis
1. Introduction
The prevalence of behavioural abnormalities associated with age-related cognitive decline is
growing in older people [1]. Age is the most important risk factor for cognitive impairment and
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dementia because of natural changes like neuronal death or functional impairments [2]. Alzheimer’s
disease (AD) is the most common type of dementia, affecting around 50 million people worldwide in
2018 [3]. A three-fold increase is estimated for the number of cases of AD to 131.5 million by 2050 [4,5].
The disease involves the degeneration of some areas of the brain, mainly the hippocampus, which
results in behavioural changes, memory loss, and a decline in cognition functions [6]. Nevertheless,
the causes of AD remain unknown, and no preventive or curative treatments are available.
The neuropathological hallmarks comprise the accumulation and deposition of β-amyloid (Aβ)
in the senile plaques (SNPs). Likewise, the hyperphosphorylation of Tau protein is implicated in
neurofibrillary tangles increase (NFTs) [7]. There are other important pathological processes under
AD development. On one hand, oxidative stress (OS) [8], neuroinflammation [9], apoptosis [10], and
synaptic abnormalities [11] play an essential role in the etiology of AD. On the other hand, there is
accumulating evidence that several neurotransmitter pathways, such as acetylcholine, dopamine,
glutamate, and serotonin [12] are involved in the pathological alterations of AD [13,14]. Indeed,
glutamate-mediated toxicity is also one of the main processes responsible for memory impairment
in AD.
Glutamate is the primary excitatory neurotransmitter in the central nervous system (CNS),
and it plays a critical role in cognitive functions [15]. N-Methyl-D-aspartate receptor (NMDAR) is
an important subtype of ionotropic glutamate receptors, essential for the normal function of the
CNS [16]. Under normal conditions, extracellular Mg2+ that allows Ca2+ to move into the cell
for the following physiological functions gates NMDAR. Hence, glutamatergic neurotransmission
through NMDAR is critical for neuroplasticity [14], neuronal survival [17], and learning and memory
formation [18]. However, excessive levels of glutamate lead to the overactivation of NMDAR and
allow a higher amount of Ca2+ influx into the nerve cell, NMDAR overactivation being a feature
present in several brain disorders [19]. This excessive activity causes excitotoxicity and promotes
neuronal loss, OS production [20], neuroinflammation and increases p-Tau [21]. Indeed, several studies
have demonstrated the association between changes in the NMDAR levels in the cerebral cortex and
hippocampus, and cognitive deficits, including anxiety and fear behaviour [22]. In sum, a potential
implication for NMDAR in different aspects of the cognitive decline occurred in AD [21].
Because of the importance of NMDAR, several uncompetitive antagonists have been tested both
in animal studies and in clinical trials [23]. However, most of the compounds tested have failed due
to reduced tolerance and efficacy [24,25]. One possibility for this high rate of attrition was because
these compounds blocked the physiological activity of glutamate-mediated by NMDAR activation [26],
producing unacceptable side effects, such as psychosis and nausea, among others [27].
Memantine is an uncompetitive and well-tolerated NMDAR antagonist, which has been used
to treat moderate to severe AD [28]. However, memantine possesses limited clinical efficacy [29].
Considering this, new moderate-affinity NMDAR antagonists with similar but distinct pharmacological
properties are of interest. Recently, we have developed a novel polycyclic amine, RL-208, a
voltage-dependent, moderate-affinity, uncompetitive NMDAR blocker characterized pharmacologically
and electrophysiologically through in vitro approaches [30].
In the current study, we aimed to have the in vivo proof of concept determining the beneficial
effect of RL-208 treatment in behavioural abnormalities and cognitive decline in a mouse model of
aging and AD, the senescence-accelerated mouse prone 8 (SAMP8). Several molecular pathways
related to NMDAR activation, apoptosis, OS neurotrophic support, and tau pathology characteristic
for SAMP8 were also studied.
2. Materials and Methods
2.1. Reagents
RL-208, (3,4,8,9-tetramethyltetracyclo [4.4.0.03,9.04,8]dec-1-yl)methylamine hydrochloride was
synthesized as previously described [30].
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2.2. Pharmacological Characterization of RL-208
2.2.1. Microsomal Stability in Human, Rat and Mice Microsomes
The human, rat, and mice microsomes employed were purchased from Tebu-Xenotech.
The compound was incubated at 37 ◦C with the microsomes in a 50 mM phosphate buffer
(pH = 7.4) containing 30 mM MgCl2, 10 mM NADP, 100 mM glucose-6-phosphate and 20 U/mL
glucose-6-phosphate-dehydrogenase. Samples (75 µL) were taken from each well at 0, 10, 20, 40, and
60 min and transferred to a plate containing 4 ◦C 75 µL acetonitrile. Then, 30 µL of 0.5% formic acid
in water was added to improve the chromatographic conditions. The plate was centrifuged (46,000×
g, 30 min) and supernatants were taken and analyzed in a UPLC-MS/MS (Xevo-TQD, Waters) by
employing a BEH C18 column and an isocratic gradient of 0.1% formic acid in water: 0.1% formic acid
acetonitrile (60:40) for 5 minutes and a flow of 0.25 mL/min. The metabolic stability of the compounds
was calculated from the logarithm of remaining compounds at each time point studied.
2.2.2. Cytochrome Inhibition
To screen the inhibition potential of the compounds, recombinant human cytochrome P450
enzymes (CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4) and probe substrates were used with
the fluorescent detection method.
Incubations were conducted in 200-µL volume 96 well microtiter plates (COSTAR 3915).
Addition of cofactor-buffer mixture (KH2PO4 buffer, 1.3 mM NADP+, 3.3 mM MgCl2, 3.3 mM
Glucose-6-phosphate and 0.4 U/mL Glucose-6-phosphate Dehydrogenase), supersomes control,
standard inhibitors (Furafyline, Tranylzypromine, Ketoconazole, Sulfaphenazole, and Quinidine;
from Sigma Aldrich), and test compounds to plates were carried out using a a liquid handling
station (Zephyr Caliper). The plate was then pre-incubated at 37 ◦C for 5 min, and the reaction
initiated by the addition of pre-warmed enzyme/substrate (E/S) mix. The E/S mix contained buffer
(KH2PO4), c-DNA-expressed P450 in insect cell microsomes, substrate (3-cyano-7-ethoxycoumarin
(CEC) for CYP1A2 and CYP2C19, 7-methoxy-4-(trifluoromethyl)coumarin (7-MFC) for CYP2C9,
3-[2-(N,N-diethyl-N-methylammonium)ethyl]-7-methoxy-4-methylcoumarin (AMMC) for CYP2D6,
7-benzyloxytrifluoromethyl coumarin (7-BFC) and Dibenzylfluorescein (DBF) for CYP3A4) to give the
final assay concentrations in a reaction volume of 200 µl. Reactions were terminated after different
incubation times, depending on each cytochrome, by the addition of STOP solution (ACN/TrisHCl
0.5M 80:20 and NaOH 2N for CYP3A4 (DBF) and ACN/TrisHCl 0.5M 80:20 for the other cytochromes).
Fluorescence per well was measured using a fluorescence plate reader (Tecan M1000 pro), and the
percentage of inhibition was calculated.
2.3. Animals
SAMP8 is an inbred mouse strain that has been generated by selective inbreeding of the AKR/J strain
of mice [31,32]. It displays a phenotype of accelerated aging with behavioural abnormalities [33,34],
the age-related cognitive decline [35], and several AD hallmarks [2,36]. Overall, it is widely used as a
feasible rodent model of cognitive dysfunction and late-onset AD (LOAD) [37]. Senescence-Accelerated
Mouse Resistant 1 (SAMR1) mouse is used as a healthy control mouse model.
Male SAMR1 and SAMP8 mice (n = 41) with 20-weeks-old were used to carry out cognitive and
molecular analysis. The animals were randomly divided into four groups: SAMR1 control (SR1 Ct)
group (n = 11), SAMP8 control (SP8 Ct) group (n = 8), SAMR1 treated with RL-208 (SR1 RL-208 (5 mg/Kg))
group (n = 10) and SAMP8 treated with RL-208 (SP8 RL-208 (5 mg/Kg)) group (n = 12). Animals had
free access to food and water, under standard temperature conditions (22±2ºC) and 12h:12h light-dark
cycles (300 lux/0 lux). RL-208, (3,4,8,9-tetramethyltetracyclo[4.4.0.03,9.04,8]dec-1-yl)-methylamine
hydrochloride, (5 mg/kg/day) was administered through drinking water for four weeks before starting
the cognitive test. RL-208 was administered up to euthanasia (Figure 1A). Water consumption was
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controlled each week for each cage and strain. Afterwards, RL-208 concentration was adjusted
accordingly to reach the optimal dose for each cage.
All experimental procedures involving animals were performed followed by standard ethical
guidelines European Communities Council Directive 86/609/EEC and by the Institutional Animal
Care and Use Committee of the University of Barcelona (670/14/8102, approved at 11/14/2014) and by
Generalitat de Catalunya (10291, approved 1/28/2018).
2.4. Behavioural and Cognitive Tests
2.4.1. Three-Chamber Test
The three-chamber test (TCT) was used to assess preference for social novelty (time spent
with a novel intruder in contrast with a familiar one) and sociability (time spent with rodents) [38].
The apparatus consisted of a rectangular box with partitions separating the box into three chambers
(Figure 1B). Each chamber was 15 × 15 × 20 cm with square openings. Testing occurs in a box with
three equally dimensioned rooms. Each test consists of 15 minutes and is recorded with a camera.
The animal is placed in the center of the box and allowed to explore the three chambers for 5 minutes.
The time spent in each chamber was evaluated. Then, an intruder (same-sex and age) was added to
one of the rooms in a metal cup, and behaviour is recorded for 10 minutes. The time spent in each
chamber is evaluated as well as the time interacting with the intruder (e.g., sniffing, rears, entries in
each chamber).
2.4.2. Object Location Test
The object location test (OLT) is a well-established task based on the spontaneous tendency of
rodents to spend more time exploring a novel object location than a familiar object location, as well as
to recognize when an object has been relocated [39]. The test was carried out for 3 days in a wooden box
(50 × 50 × 25 cm), in which three walls were white except one that was black (Figure 1C). The first day,
the box was empty, and the animals just habituated to the open field arena for 10 minutes. The second
day, two objects were placed in front of the black wall, equidistant from each other and the wall.
The objects were 10-cm high and identical. The animals were placed into the open field arena and
allowed to explore both objects and surroundings for 10 minutes. Afterwards, animals were returned
to their home cages, and the OLT apparatus was cleaned with 70% ethanol. On the third day, one
object was moved in front of the white wall to test the spatial memory. Trials were recorded using a
camera mounted above the open field area, and the total exploration time was determined by scoring
the amount of time (seconds) spent sniffing the object in the new location (TN) and the object in the old
location (TO). In order to evaluate the cognitive performance, the DI was calculated, which is defined
as (TN-TO)/(TN+TO).
2.4.3. Novel Object Recognition Test
The novel object recognition test (NORT) allows evaluating short- and long-term recognition
memory involving cortical areas and the hippocampus [40,41]. The experimental apparatus used for
this test was a 90º, two-arm, 25-cm-long, 20-cm-high, and a 5-cm-wide black maze of black polyvinyl
chloride (Figure 1D). The walls could be removed for easy cleaning with 70% ethanol to eliminate
olfactory cues, and light intensity in mid-field was 30 lux. The objects to be discriminated were made
of plastic and chosen not to frighten mice and without any part likely to be bitten. Before performing
the test, the mice were individually habituated to the apparatus for 10 min during 3 consecutive days.
On day four the next day, the animals were allowed to explore freely a 10 min acquisition trial (First
trial), during which they were placed in the maze in the presence of two identical novel objects (A+A’
or B+B’) at the end of each arm. The mouse was then removed from the apparatus and returned to its
home cage. A 10 min retention trial (Second trial) was carried out two hours later. During this second
trial, objects A and B were placed by to novel objects with different shapes and colors, and the mice
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were allowed to explore the maze for another 10 min. Twenty-four hours after the acquisition trial, the
mice were tested again, with a new object and an object identical to the new one in the previous trial
(B+C). The time that mice explored the novel object (TN) and time that mice explored the old object
(TO) were measured from the video recordings from each trial session Exploration of an object was
defined as pointing the nose towards the object at a distance ≤2 cms and/or touching it with the nose.
Turning or sitting around the object was not considered exploration. To avoid object preference biases
objects A and B were counterbalanced so that one-half of the animals in each experimental group were
first exposed to object A and then to object B, whereas the other half first saw object B and then object A.
To evaluate the cognitive performance, the discrimination index (DI) was calculated, which is defined
as (TN-TO)/(TN+TO).
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Figure 1. Scheme of experimental design (A), Scheme of Three Chamber Test (TCT) (B), Scheme of
Object Location Test (OLT) (C), and scheme of Novel Object Recognition Test (NORT) (D).
2.5. Brain Processing
Three days after the behavioural and cognitive tests, mice were euthanized by cervical dislocation.
Brains were immediately removed from the skull. The hippocampus and cortex were then isolated
and frozen in powdered dry ice. They were maintained at −80 ◦C for further use. Tissue samples were
homogenized i lysis buffer containing phosphatase and protease inhibitors (Cocktail II, Sigma). Total
protein levels were obtained, and protein concentration was determined by the method of Bradford.
2.6. Protein Level Determination by Western Blotting
For Western blotting (WB), aliquots of 15 µg of hippocampal protein extraction per sample were
used. Protein samples were separated by Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis
(SDS-PAGE) (8–20%) and transferred onto Polyvinylidene difluoride (PVDF) membranes (Millipore).
Afterwards, membranes were blocked in 5% non-fat milk in Tris-buffered saline (TBS) solution
containing 0.1% Tween 20 TBS (TBS-T) for 1 hour at room temperature, followed by overnight
incubation at a 4 ◦C with the primary antibodies listed in Table S1. Then, membranes were washed
and incubated with secondary antibodies for 1 hour at room temperature. Immunoreactive proteins
were viewed with the chemiluminescence-based detection kit, following the manufacturer’s protocol
(ECL Kit, Millipore), and digital images were acquired using ChemiDoc XRS+ System (BioRad).
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Semi-quantitative analyses were performed using ImageLab software (BioRad), and results were
expressed in arbitrary units (AU), considering control protein levels as 100%. Protein loading was
routinely monitored by immunodetection of Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
2.7. Detection of Oxidative Stress in the Hippocampus
H2O2 levels from cortex samples were measured as an indicator of oxidative stress, and it
was quantified using the Fluorimetric Hydrogen Peroxide Assay Kit (Sigma) according to the
manufacturer’s instructions.
2.8. RNA Extraction and Gene Expression Determination
Total RNA isolation from hippocampal samples was carried out using TRIsureTM reagent following
the manufacturer’s instructions (Bioline, Meridian Bioscience Inc., UK). The yield, purity, and quality
of RNA were determined spectrophotometrically with a NanoDropTM ND-1000 (Thermo Scientific,
Wilmington, DE, USA) apparatus and an Agilent 2100B Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA). RNAs with 260/280 ratios and RIN higher than 1.9 and 7.5, respectively, were selected.
Reverse transcription-polymerase chain reaction (RT-PCR) was performed as follows: 2µg of messenger
RNA (mRNA) was reverse-transcribed using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA, USA). Real-time quantitative PCR (qPCR) was used to quantify
the mRNA expression of OS and synaptic plasticity genes listed in Table S2.
SYBR®Green real-time PCR was performed on a Step One Plus Detection System (Applied-
Biosystems, Foster City, CA, USA) employing SYBR®Green PCR Master Mix (Applied-Biosystems,
Foster City, CA, USA). Each reaction mixture contained 6.75 µL of complementary DNA (cDNA)
(which concentration was 2 µg), 0.75 µL of each primer (which concentration was 100 nM), and 6.75 µL
of SYBR®Green PCR Master Mix (2X).
Data were analyzed utilizing the comparative cycle threshold (Ct) method (∆∆Ct), where the
housekeeping gene level was used to normalize differences in sample loading and preparation [42].
Normalization of expression levels was performed with β-actin for SYBR®Green-based real-time PCR
results. Each sample was analyzed in duplicate, and the results represent the n-fold difference of the
transcript levels among different groups.
2.9. Measurement of proBDNF and mBDNF Protein Levels in the Hippocampus
The hippocampal determination of pro-Brain-derived neurotrophic factor (proBDNF) and mature
brain-derived neurotrophic factor (mBDNF) protein levels was performed using the enzyme-linked
immunosorbent assay (ELISA) kit (Biosensis) according to the manufacturer’s instructions.
2.10. Data Acquisition and Statistical Analysis
Behavioural analysis was performed blindly, the person who evaluated videos was different from
the person who made the behavioural tests. Furthermore, videos are named with a blind code to avoid
analysis bias. Data analysis was conducted using GraphPad Prism ver. 7 statistical software. Data
are expressed as the mean ± standard error of the mean (SEM) of at least 5 samples per group. Strain
and treatment effects were compared using the two-way analysis of variance (ANOVA), followed by
Tukey post-hoc analysis or two-tail student’s t-test when it was necessary. Statistical significance was
considered when p-values were <0.05. The statistical outliers were determined with Grubbs’ test and
when necessary were removed from the analysis.
3. Results
3.1. In Vitro Microsomal Stability and Cytochrome Inhibition
RL-208 was further studied in vitro for ascertaining their microsomal stability and CYP inhibition.
RL-208 showed good microsomal stability in rat and mice microsomes, and did not inhibit in a
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significant way cytochromes CYP2C9, 12 ± 2%, CYP2D6 10 ± 3%; CYP1A2, 5 ± 2%; CYP2C19, 23 ± 1%;
CYP3A4 (BFC), 35 ± 4%; CYP3A4(DBF), 3 ± 1%).
3.2. Improvement on Social Behaviour and Cognition after Treatment with RL-208
The TCT assess the general sociability in mice. In the sociability phase, in all experimental groups,
the presence of an intruder increased significantly the time spent in the intruder chamber instead of
the empty cup chamber (Figure 2A). Moreover, the time sniffing the intruder mouse was significantly
higher in the SR1 Ct group compared to the SP8 Ct group, confirming the behavioural abnormalities
described in the SAMP8 mouse model. After RL-208 treatment, the time sniffing the intruder was
significantly augmented in SAMP8 strain, proving the beneficial effects on social behaviour (Figure 2B;
Table S3).
NORT evaluation confirmed the cognitive impairment of the SAMP8 mouse model in both short-
and long-term recognition memories in comparison with the SAMR1 (Figure 2C,D; Table S4). Strikingly,
the SP8 RL-208 group exhibited a significant gain in both short- and long-term recognition memories
compared to the SP8 Ct group, obtaining significant higher DI values (Figure 2C,D). Conversely, no
significant changes in both short- and long-term DI values between SR1 groups were found. Regarding
OLT evaluation, a significantly higher DI value in the SR1 Ct group compared to the SP8 Ct mice group
was found (Figure 2E). Likewise, a better spatial memory in both treated mice groups was found, showing
significant higher DI values after RL-208 treatment (Figure 2E; Table S5).Pharmaceutics 2019, 11, x FOR PEER REVIEW 8 of 19 
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Figure 2. Results of Three Chamber Test (TCT), Object Location Test (OLT), and Novel Object
Recognition Test (NORT) in male mice at 24-weeks-old SR1 and SP8 Ct mice groups and SR1 and SP8
treated with RL-208 (5 mg/Kg) ice groups. For TCT: Time spent in the chamber (A) and sniffing
time: soci t ith the intruder animal (B). For NORT: Summary of D scrimination Index (DI) from
short-term me ory (C), and summary of DI from lon -ter emory (D). For OLT: Summary of DI (E).
Values represented are mean ± Standard error of the mean (SEM); n = 41 (SR1 Ct n = 11; SP8 Ct n = 8;
SR1 RL-208 n = 10; SP8 RL-208 n = 12). * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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3.3. Changes in NMDAR and Apoptotic Pathways Induced by RL-208
NMDAR changes and apoptotic markers were studied as a learning memory and synaptic
plasticity activation. A significant decrease in NMDAR2A protein level was found in SP8 Ct compared
to the SR1 Ct (Figure 3A), suggesting its participation in the cognitive decline presented by the
SAMP8 mouse model. However, RL-208 treatment did not produce significant differences in the
NMDAR2A protein levels neither in SR1 nor in SP8. Interestingly, RL-208 increased in a significant
way p-NMDAR (Tyr1472) protein levels in both strains (Figure 3B), suggesting an improvement in
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NMDA2B/NMDAR2B (B), Calpain-1 (C), ratio SBPD/Spectrin (D), Caspase-3 (E), BCL-2 (F). Values in 
bar graphs are adjusted to 100% for protein levels of the control SAMR1 (SR1 Ct). Values are the mean 
± Standard error of the mean (SEM); (n = 6 for each group).  *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3. Representative Western Blot and quantifications for NMDAR2A (A), the ratio of
p-NMDA2B/NMDAR2B (B), Calpain-1 (C), ratio SBPD/Spectrin (D), Caspase-3 (E), BCL-2 (F). Values in
bar graphs are adjusted to 100% for protein levels of the control SAMR1 (SR1 Ct). Values are the mean
± Standard error of the mean (SEM); (n = 6 for each group). * p < 0.05; ** p < 0.01; *** p < 0.001.
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Next, we evaluated the effects of RL-208 on the proteolytic processes that lead to apoptosis.
Calpain-1 and 150 Spectrin Breakdown Products (SBDP) protein levels increased in SP8 Ct in comparison
with the SR1 Ct group. RL-208 treatment reduced Calpain-1, Caspase-3 and 120BPD in the SP8 strain,
not in SR1 (Figure 3C–E).
By contrast, B-cell lymphoma-2 (BCL-2) protein levels diminished, only reaching significance in
the SP8 mouse model (Figure 3F).
3.4. Increased Neurotrophins and Synaptic Markers Protein Levels after Treatment with RL-208
A significant reduction in proBDNF protein levels in SP8 treated mice compared to the control group
were found. Differences in SR1 strain were not significant (Figure 4A). Conversely, a significant augment
in mature BDNF protein levels in RL-208 treated mice compared to control groups were found (Figure 4B).
Tropomyosin-related kinase B full-length (TrkB-FL) protein levels increased significantly both in SR1
and SP8 treated with RL-208 (Figure 4C), whereas reduced TrkB intracellular fragment (TrkB-ICD)
protein levels were observed (Figure 4D). TrkB signaling pathway regulates synaptosomal-associated
protein 25 (SNAP25), a synaptic plasticity marker, and as expected, significant-high SNAP25 protein
levels were found in SP8 RL-208 (Figure 4E).
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Figure 4. Protein levels of proBDNF (A), and mBDNF (B). Representative Western Blot and
quantifications for TrkB-FL (C), TrkB-ICD (D) and SNAP25 (E). Values represented are mean ± Standard
error of the mean (SEM); (n = 6 for each group). * p < 0.05; ** p < 0.01; *** p < 0.001.
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Deeping on synaptic plasticity markers, a significant increase in Synaptophysin (SYN) protein
levels were found in RL-208 treated mice (Figure 5A). Postsynaptic density protein 95 (PSD95) protein
levels were also augmented but did not reach significance in SP8 mice (Figure 5B). Regarding the
neurotrophic factors, a significant gain in gene expression of the tumor growth factor (Tgf ) in RL-208
treated mice groups in comparison with the control groups, was observed (Figure 5C). Likewise, a
significant increase in gene expression of VGF nerve growth factor inducible (Vgf ) in SP8 RL-208
compared to the SP8 Ct group, but no changes between SR1 mice groups were found (Figure 5D).
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3.5. Changes in Protein Levels and Gene Expression of Antioxidant and Pro-oxidant Enzymes and ROS Levels
after Treatment with RL-208
RL-208 increased, in a significant way, Superoxide Dismutase 1 (SOD1) and Glutathione Peroxidase
1 (GPX1), antioxidant protein levels SP8 mice, but not in SR1 mice (Figure 6A,B). Moreover, GPX1
protein levels tended to decrease in the SP8 Ct group compared to the SAMR1 Ct group was observed
(Figure 6B). RL-208 elevated gene expression of Heme oxygenase decycling 1 (Hmox1), an important
key enzyme in cellular antioxidant-defense in treated mice (Figure 6C). Conversely, RL-208 decreased
gene expression of Cyclooxygenase-2 (Cox2) in treated mice groups in comparison with the control
groups, being significant in the SP8 strain (Figure 6D). Finally, the evaluation of the hydrogen peroxide
levels in the hippocampus showed a significant decrease in reactive oxygen species (ROS) levels in
both RL-208 treated mice groups compared to the control groups (Figure 6E).
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Figure 6. Representative Western Blot and quantifications of antioxidant enzymes for SOD1 (A), and
GPX1 (B). Representative gene expression of the antioxidant enzyme for Hmox1 (C), and pro-oxidant
enzyme for Cox2 (D). Representative OS measured as hydrogen peroxide concentration in homogenates
of the hippocampus tissue (E). Values in bar graphs are adjusted to 100% for protein levels of the control
SAMR1 (SR1 Ct). Gene expression levels were determined by real-time PCR. Values represented are
mean ± Standard error of the mean (SEM); (n = 6 for each group). * p < 0.05; ** p < 0.01.
3.6. Changes in CDK5/p25-35 Pathway Activation and Tau Phosphorylation after Treatment with RL-208
ADAM10 protein levels were diminished in SAMP8 in reference to SAMR1, and RL-208 prevented
the loss of this secretase (Figure 7A). The Cyclin-Dependent Kinases 5 (CDK5)/p25-p35 and Tau
phosphorylation were evaluated by WB (Figure 7B,C). We found a significant high p25/p35 ratio in
the SP8 Ct compared to the SR1 Ct, accordingly with the increase in calpain activity described above.
Likewise, CDK5 activation (measured by p-CDK5/CDK5 ratio) and p25/p35 ratio were significantly
reduced in the SP8 RL-208 group compared to the control group (Figure 7B,C). Considering these results,
we evaluated Tau hyperphosphorylation protein levels. A significant reduction in Tau phosphorylation
in both treated mice groups was found, specifically for the Ser396 phosphorylation site (Figure 7D).
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Figure 7. Representative Western Blot and quantifications for ADAM10 (A), ratio p-CDK5/CDK5 (B),
ratio p25/p35 (C), and ratio Tau (p-s396) (D). Values in bar graphs are adjusted to 100% for protein
levels of th control SAMR1 (SR1 Ct). V lues represented are mean ± Standard err r of the mean (SEM);
(n = 6 for each group). * p < 0.05; ** p < 0.01.
4. Discussion
As aforementioned, the alteration of NMDAR has been associated with neurodegenerative
disorders, such as AD [43]. It has been well documented that competitive pharmacological blockade
of NMDAR functions leads to cognitive disability [27] and impaired neuroplasticity [44], increasing
apoptotic neuronal death [45]. However, memantine has demonstrated specific effects because its
low-affinity, uncompetitive antagonist performance, and can block the NMDAR over-activation without
affecting its normal activation [46,47]. The current study provides pieces of evidence demonstrating
that the novel non-competitive NMDAR antagonist RL-208 can be a promising therapy for age-related
cognitive and AD.
Early preclinical in vitro experiments indicated that RL-208 displays low IC50, by 1 µM [30], has
low metabolism, and did not interact with cytochromes, having then a good druggable profile to test it
in in vivo models and to reach the proof of concept of in vivo effectivity.
Several preclinical studies in different transgenic mice models of AD with NMDAR antagonists,
including memantine, demonstrate beneficial cognitive activities [28,48–52]. In line with these findings,
RL-208 treatment improved social behaviour and restoring cognitive impairment in SAMP8 animals,
by using TCT and memory test (NORT and NOLT) respectively. As expected, we did not find any
substantial improvements in behaviour and cognition in the control strain SAMR1 after RL-208
Pharmaceutics 2020, 12, 284 13 of 17
treatment, indicating that uncompetitive antagonist is effective in front overstimulation of NMDAR
but not in physiological conditions.
The behavioural and cognitive changes induced by RL-208 were accompanied by changes in
several molecular pathways associated with NMDAR functionality. RL-208 increased p-NMDAR2B
(Tyr1472), which has been proved to play crucial roles in the induction of long-term potentiation (LTP),
and the hippocampus-dependent memory formation [53]. There are several molecular pathways related
to apoptosis that participated in cellular physiological and pathological processes, i.e., proteases as
Calpain-1 and Caspase, or specific mediators as BCL-2. RL-208 decreased activation and protein levels
of Calpain-1 and Caspase-3 proteases and decreased BCL-2 protein levels. Interestingly, Caspase-3 and
BCL-2 changes were significant in SAMP8 treated with RL-208, confirming that RL-208 works under
the overactivation of the NMDAR. Lack of effect in healthy conditions turn out in fewer side effects.
To the best of our knowledge, there is only one report using memantine at a similar dose (4 mg/kg)
which shows similar antiapoptotic effects related to NMDAR antagonism in the rats’ hippocampus [54].
Previous studies have been described as the ability of NMDAR antagonists to modify synaptic
plasticity [55–57]. In our hands, RL-208 treatment increased the majority of the synaptic plasticity
markers such as SYN, PSD-95, and Tgf in the SAMP8 and SAMR1 hippocampus pointed out that the
improvement in cognition under pathological conditions was associated with hippocampal plasticity.
In the same line, neurotrophic signaling is severely impaired in AD, being BDNF/TrkB representative
signaling pathway altered. BDNF/TrKB signaling pathway was ameliorated under RL-208 treatment,
with significant increases in mBDNF, TrKB-FL, and SNAP25 protein levels. These results could
indicate that RL-208 contributes to restoring cognition in SAMP8 mouse because of the increase in
BDNF/TrKB signaling.
It has been reported that OS is involved in several neurodegenerative disorders, mediating
neuronal death [58]. Several reports suggest that NMDAR activation mediated OS, causing synapse
alterations [59–62]. Concretely, ROS leads to neuronal alterations and ultimately produce synaptic
dysfunction, which is a critical factor of the age-related cognitive decline and AD [63]. RL-208 decrease
hippocampal ROS levels in treated mice. In parallel, SOD1 and GPX1 protein levels and Hmox1 gene
expression increased, as well as Cox-2 gene expression diminished in SAMP8 after RL-208 treatment.
Then, in line with our findings, RL-208 delivered a significant diminution in OS because of its role as
uncompetitive NMDAR antagonist.
Tau hyperphosphorylation is a characteristic histological mark in several neurodegenerative
disorders. Tau phosphorylation levels are regulated by a complex network of protein kinases and
phosphatases, such as CDK5 [64]. RL-208 reduced the activity of the CDK5 in SAMP8 mice, where
CDK5 is overactivated. Furthermore, a significant reduction in the p25/p35 ratio in SP8 RL-208
group. Interestingly CDK5 co-activator p25 is cleaved by Calpain-1 from p35 peptide harbored in the
cytoplasmic membrane, and as mentioned RL-208 reduced Calpain-1 proteolytic activity. Accordingly,
significant diminution of p-Tau [Ser396] was found after RL-208 administration. To our knowledge,
memantine is also described as able to reduce tau phosphorylation [65–67], linking the RL-208
antagonist action on NMDAR again with the neuroprotectant effectivity in SAMP8.
In sum, our in vivo study in SAMP8 demonstrated the therapeutic potential of RL-208, a novel
NMDAR uncompetitive antagonist, for age-related cognitive decline, and AD. Because it is of interest
to shed light on the underlying mechanisms by which NMDAR mediates neuroprotection and new
pharmacological approaches are needed to fight devastating neurodegenerative diseases as AD, RL-208
beneficial effects described here, offer new clues to face the challenge in drug discovery (Figure 8).
Noteworthy, more studies are needed to draw the complete landscape action for NMDAR antagonist,
and in particular for RL-208 to proceed towards translational clinical application.
Pharmaceutics 2020, 12, 284 14 of 17
Pharmaceutics 2019, 11, x FOR PEER REVIEW 15 of 19 
 
208 treatment. Then, in line with our findings, RL-208 delivered a significant diminution in OS 
because of its role as uncompetitive NMDAR antagonist. 
Tau hyperphosphorylation is a characteristic histological mark in several neurodegenerative 
disorders. Tau phosphorylation levels are regulated by a complex network of protein kinases and 
phosphatases, such as CDK5 [64]. RL-208 reduced the activity of the CDK5 in SAMP8 mice, where 
CDK5 is overactivated. Furthermore, a significant reduction in the p25/p35 ratio in SP8 RL-208 group. 
Interestingly CDK5 co-activator p25 is cleaved by Calpain-1 from p35 peptide harbored in the 
cytoplasmic membrane, and as mentioned RL-208 reduced Calpain-1 proteolytic activity. 
Accordingly, significant diminution of p-Tau [Ser396] was found after RL-208 administration. To our 
knowledge, memantine is also described as able to reduce tau phosphorylation [65–67], linking the 
RL-208 antagonist action on NMDAR again with the neuroprotectant effectivity in SAMP8.  
In sum, our in vivo study in SAMP8 demonstrated the therapeutic potential of RL-208, a novel 
NMDAR uncompetitive antagonist, for age-related cognitive decline, and AD. Because it is of interest 
to shed light on the underlying mechanisms by which NMDAR mediates neuroprotection and new 
pharmacological approaches are needed to fight devastating neurodegenerative diseases as AD, RL-
208 beneficial effects described here, offer new clues to face the challenge in drug discovery (Figure 
8). Noteworthy, more studies are needed to draw the complete landscape action for NMDAR 




Figure 8. illustrative cartoon of molecular and cognitive effects after RL-208 treatment. 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Antibodies 
used in Western blot studies, Table S2: Primers used in qPCR studies. 
 
Author Contributions: CGF carried out the experimental intervention and performed behaviour 
experiments. JCA and ABS performed Western blot analysis. JCA performed the RT-PCR 
experiments. CGF, and MP analysed the data and drafted the manuscript. ALT and SV synthesized 
and purified RL-208. J. B. and M. I. L. determined the ADMET parameters. CGF and MP designed 
the experiments and supervised the study. CGF, JCA, ABS, ALT, SV, RL and MP contributed to the 
writing the manuscript. All authors read and approved the final version of the manuscript.  
 
Figure 8. Illustrative cartoon of molecular and cognitive effects after RL-208 treatment.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/3/284/s1,
Table S1: Antibodies used in Western blot studies, Table S2: Primers used in qPCR studies. Table S3: Parameters
measured in the Three Chamber. Test Table S4: Parameters measured in the Novel object recognition test (NORT);
Table S5: Parameters meas red in the Object location test (OLT).
Author Contributions: C.G.-F. carried out the experimental intervention and performed behaviour experiments.
J.C.-A. and A.B.-S. performed Western blot analysis. J.C.-A. performed the RT-PCR experiments. C.G.-F., and M.P.
analysed the data and drafted the manuscript. A.L.T. and S.V. synthesized and purified RL-208. J.M.B. and M.I.L.
determin d th ADMET parameters. C.G.-F. and M.P. designed the experiments and supervised the study. C.G.-F.,
J.C.-A., A.M.C., A.B.-S., A.L.T., S.V., R.L. and M.P. contributed to the writing the manuscript. All authors read and
approved the final version of the manuscript.
Funding: This rese rch was funded by Ministerio de Economía, Industria y Competitividad (Agencia Estatal de
Investigación, AEI) and Fondo Europeo de Desarrollo Regional (MINECO-FEDER) (Projects SAF2017-82771-R,
SAF2016-77703, SAF2015-68749 and SAF2017-90913), Xunta de Galicia (ED431C 2018/21) and Generalitat de
Catalunya (2017 SGR 106).
Conflicts of Interest: The authors claim no financial conflict of interests.
References
1. Chen, P.H.; Cheng, S.J.; Lin, H.C.; Lee, C.Y.; Chou, C.H. Risk factors for the progression of mild cognitive
impairment in different types of neurodegenerative disorders. Behav. Neurol. 2018, 2018, 6929732. [CrossRef]
[PubMed]
2. Griñán-Ferré, C.; Corpas, R.; Puigoriol-Illamola, D.; Palomera-Ávalos, V.; Sanfeliu, C.; Pallàs, M.
Understanding Epigenetics in the Neurodegeneration of Alzheimer’s Disease: SAMP8 Mouse Model.
J. Alzheimers Dis. 2018, 62, 943–963. [CrossRef] [PubMed]
3. Alzheimer’s Association. 2018 Alzheimer’s Disease Facts and Figures. Alzheimers Dement. 2018, 14, 367–429.
[CrossRef]
4. Prince, M.J.; Wimo, A.; Guerchet, M.; Ali, G.C.; Wu, Y.-T.; Prina, M. World Alzheimer Report 2015: The Global
Impact of Dementia: An Analysis of Prevalence. Incid. Cost Trends 2015, 2017.
5. Prince, M.; Comas-Herrera, A.; Knapp, M.; Guerchet, M.; Karagiannidou, M. World Alzheimer report 2016:
Improving healthcare for people living with dementia: Coverage, quality and costs now and in the future.
Alzheimer’s Dis. Int. Lond. 2016, 1–40.
6. Peters, R. Ageing and the brain. Postgrad. Med. J. 2006, 82, 84–88. [CrossRef] [PubMed]
7. Grill, J.D.; Cummings, J.L. Novel targets for Alzheimer’s disease treatment. Expert Rev Neurother. 2010, 10,
711–728. [CrossRef]
Pharmaceutics 2020, 12, 284 15 of 17
8. Huang, W.J.; Zhang, X.; Chen, W.W. Role of oxidative stress in Alzheimer’s disease. Biomed. Rep. 2016, 4,
519–522. [CrossRef]
9. Calsolaro, V.; Edison, P. Neuroinflammation in Alzheimer’s disease: Current evidence and future directions.
Alzheimer’s Dement. 2016, 12, 719–732. [CrossRef]
10. Ehrnhoefer, D.E.; Wong, B.K.Y.; Hayden, M.R. Convergent pathogenic pathways in Alzheimer’s and
Huntington disease: Shared targets for drug development. Nat. Rev. Drug Discov. 2011, 10, 853–867.
[CrossRef]
11. Kashyap, G.; Bapat, D.; Das, D.; Gowaikar, R.; Amritkar, R.E.; Rangarajan, G.; Ravindranath, V.; Ambika, G.
Synapse loss and progress of Alzheimer’s disease-A network model. Sci. Rep. 2019, 9, 6555. [CrossRef]
[PubMed]
12. Xu, Y.; Yan, J.; Zhou, P.; Li, J.; Gao, H.; Xia, Y.; Wang, Q. Neurotransmitter receptors and cognitive dysfunction
in Alzheimer’s disease and Parkinson’s disease. Prog. Neurobiol. 2012, 97, 1–13. [CrossRef] [PubMed]
13. Zhang, Y.; Li, P.; Feng, J.; Wu, M. Dysfunction of NMDA receptors in Alzheimer’s disease. Neurol. Sci. 2016,
37, 1039–1047. [CrossRef] [PubMed]
14. Wang, R.; Reddy, P.H. Role of Glutamate and NMDA Receptors in Alzheimer’s Disease. J. Alzheimer’s Dis.
2017, 57, 1041–1048. [CrossRef] [PubMed]
15. Di Iorio, G.; Baroni, G.; Lorusso, M.; Montemitro, C.; Spano, M.C.; Di Giannantonio, M. Efficacy of Memantine
in Schizophrenic Patients: A Systematic Review. J. Amino Acids 2017, 2017, 7021071. [CrossRef] [PubMed]
16. Chen, H.S.V.; Lipton, S.A. The chemical biology of clinically tolerated NMDA receptor antagonists.
J. Neurochem. 2006, 97, 1611–1626. [CrossRef]
17. Hardingham, G.E.; Bading, H. Synaptic versus extrasynaptic NMDA receptor signalling: Implications for
neurodegenerative disorders. Nat. Rev. Neurosci. 2010, 11, 682–696. [CrossRef] [PubMed]
18. Riedel, G.; Platt, B.; Micheau, J. Glutamate receptor function in learning and memory. Behav. Brain Res. 2003,
140, 1–47. [CrossRef]
19. Danysz, W.; Parsons, C.G. Alzheimer’s disease, β-amyloid, glutamate, NMDA receptors and
memantine-Searching for the connections. Br. J. Pharmacol. 2012, 167, 324–352. [CrossRef]
20. De Felice, F.G.; Velasco, P.T.; Lambert, M.P.; Viola, K.; Fernandez, S.J.; Ferreira, S.T.; Klein, W.L. Aβ oligomers
induce neuronal oxidative stress through an N-methyl-D-aspartate receptor-dependent mechanism that is
blocked by the Alzheimer drug memantine. J. Biol. Chem. 2007, 282, 11590–11601. [CrossRef]
21. Liu, J.; Chang, L.; Song, Y.; Li, H.; Wu, Y. The role of NMDA receptors in Alzheimer’s disease. Front. Neurosci.
2019, 13, 43. [CrossRef] [PubMed]
22. Blundell, J.; Adamec, R. The NMDA receptor antagonist CPP blocks the effects of predator stress on pCREB
in brain regions involved in fearful and anxious behavior. Brain Res. 2007, 1136, 59–76. [CrossRef] [PubMed]
23. Johnson, J.W.; Glasgow, N.G.; Povysheva, N.V. Recent insights into the mode of action of memantine and
ketamine. Curr. Opin. Pharmacol. 2015, 20, 54–63. [CrossRef] [PubMed]
24. Ikonomidou, C.; Turski, L. Why did NMDA receptor antagonists fail clinical trials for stroke and traumatic
brain injury? Lancet Neurol. 2002, 1, 383–386. [CrossRef]
25. Muir, K.W. Glutamate-based therapeutic approaches: Clinical trials with NMDA antagonists. Curr. Opin.
Pharmacol. 2006, 6, 53–60. [CrossRef] [PubMed]
26. Lipton, S.A. Failures and Successes of NMDA Receptor Antagonists: Molecular Basis for the Use of
Open-Channel Blockers like Memantine in the Treatment of Acute and Chronic Neurologic Insults. NeuroRx
2004, 1, 101–110. [CrossRef]
27. Olivares, D.; Deshpande, V.K.; Shi, Y.; Lahiri, D.K.; Greig, N.H.; Rogers, J.T.; Huang, X. N-Methyl D-Aspartate
(NMDA) Receptor Antagonists and Memantine Treatment for Alzheimer’s Disease, Vascular Dementia and
Parkinson’s Disease. Curr. Alzheimer Res. 2012, 9, 746–758. [CrossRef]
28. Liu, M.Y.; Wang, S.; Yao, W.F.; Zhang, Z.J.; Zhong, X.; Sha, L.; He, M.; Zheng, Z.H.; Wei, M.J. Memantine
improves spatial learning and memory impairments by regulating NGF signaling in APP/PS1 transgenic
mice. Neuroscience 2014, 273, 141–151. [CrossRef]
29. Matsunaga, S.; Kishi, T.; Iwata, N. Memantine monotherapy for Alzheimer’s Disease:A systematic review
and meta-analysis. PLoS ONE 2015, 10, e0123289. [CrossRef]
30. Leiva, R.; Phillips, M.B.; Turcu, A.L.; Gratacòs-Batlle, E.; León-García, L.; Sureda, F.X.; Soto, D.;
Johnson, J.W.; Vázquez, S. Pharmacological and Electrophysiological Characterization of Novel NMDA
Receptor Antagonists. ACS Chem. Neurosci. 2018, 9, 2722–2730. [CrossRef]
Pharmaceutics 2020, 12, 284 16 of 17
31. Pallàs, M. Senescence-Accelerated Mice P8: A Tool to Study Brain Aging and Alzheimer’s Disease in a
Mouse Model. ISRN Cell Biol. 2012, 2012, 917167. [CrossRef]
32. Takeda, T.; Hosokawa, M.; Takeshita, S.; Irino, M.; Higuchi, K.; Matsushita, T.; Tomita, Y.; Yasuhira, K.;
Hamamoto, H.; Shimizu, K.; et al. A new murine model of accelerated senescence. Mech Ageing Dev. 1981,
17, 183–194. [CrossRef]
33. Yanai, S.; Endo, S. Early onset of behavioral alterations in senescence-accelerated mouse prone 8 (SAMP8).
Behav. Brain Res. 2016, 308, 187–195. [CrossRef]
34. Griñan-Ferré, C.; Palomera-Ávalos, V.; Puigoriol-Illamola, D.; Camins, A.; Porquet, D.; Plá, V.; Aguado, F.;
Pallàs, M. Behaviour and cognitive changes correlated with hippocampal neuroinflammaging and neuronal
markers in female SAMP8, a model of accelerated senescence. Exp. Gerontol. 2016, 80, 69. [CrossRef]
35. Butterfield, D.A.; Poon, H.F. The senescence-accelerated prone mouse (SAMP8): A model of age-related
cognitive decline with relevance to alterations of the gene expression and protein abnormalities in Alzheimer’s
disease. Exp. Gerontol. 2005, 40, 774–783. [CrossRef] [PubMed]
36. Morley, J.E.; Armbrecht, H.J.; Farr, S.A.; Kumar, V.B. The senescence accelerated mouse (SAMP8) as a model
for oxidative stress and Alzheimer’s disease. Biochim. Biophys. Acta-Mol. Basis Dis. 2012, 1822, 650–656.
[CrossRef]
37. Esquerda-Canals, G.; Montoliu-Gaya, L.; Güell-Bosch, J.; Villegas, S. Mouse Models of Alzheimer’s Disease.
J. Alzheimer’s Dis. 2017, 57, 1171–1183. [CrossRef] [PubMed]
38. Griñan-Ferré, C.; Pérez-Cáceres, D.; Gutiérrez-Zetina, S.M.; Camins, A.; Palomera-Avalos, V.;
Ortuño-Sahagún, D.; Rodrigo, M.T.; Pallàs, M. Environmental Enrichment Improves Behavior, Cognition,
and Brain Functional Markers in Young Senescence-Accelerated Prone Mice (SAMP8). Mol. Neurobiol. 2016,
53, 2435–2450. [CrossRef]
39. Ennaceur, A.; Meliani, K. A new one-trial test for neurobiological studies of memory in rats. III. Spatial vs.
non-spatial working memory. Behav. Brain Res. 1992, 51, 83–92. [CrossRef]
40. Ennaceur, A.; Delacour, J. A new one-trial test for neurobiological studies of memory in rats. 1: Behavioral
data. Behav. Brain Res. 1988, 31, 47–59. [CrossRef]
41. Puigoriol-Illamola, D.; Griñán-Ferré, C.; Vasilopoulou, F.; Leiva, R.; Vázquez, S.; Pallàs, M. 11β-HSD1
Inhibition by RL-118 Promotes Autophagy and Correlates with Reduced Oxidative Stress and Inflammation,
Enhancing Cognitive Performance in SAMP8 Mouse Model. Mol. Neurobiol. 2018, 55, 8904–8915. [CrossRef]
[PubMed]
42. Griñán-Ferré, C.; Sarroca, S.; Ivanova, A.; Puigoriol-Illamola, D.; Aguado, F.; Camins, A.; Sanfeliu, C.;
Pallàs, M. Epigenetic mechanisms underlying cognitive impairment and Alzheimer disease hallmarks in
5XFAD mice. Aging 2016, 8, 664–684. [CrossRef] [PubMed]
43. Lakhan, S.E.; Caro, M.; Hadzimichalis, N. NMDA receptor activity in neuropsychiatric disorders.
Front. Psychiatry 2013, 4, 52. [CrossRef] [PubMed]
44. Lin, C.; Huang, Y.; Lin, C.; Lane, H.; Tsai, G. NMDA Neurotransmission Dysfunction in Mild Cognitive
Impairment and Alzheimers Disease. Curr. Pharm. Des. 2014, 20, 5169–5179. [CrossRef]
45. Gao, S.; Yu, Y.; Ma, Z.Y.; Sun, H.; Zhang, Y.L.; Wang, X.T.; Wang, C.; Fan, W.M.; Zheng, Q.Y.; Ma, C.L.
NMDAR-Mediated Hippocampal Neuronal Death is Exacerbated by Activities of ASIC1a. Neurotox. Res.
2015, 28, 122–137. [CrossRef]
46. Lipton, S.A. Paradigm shift in neuroprotection by NMDA receptor blockade: Memantine and beyond.
Nat. Rev. Drug Discov. 2006, 5, 160–170. [CrossRef]
47. Johnson, J.W.; Kotermanski, S.E. Mechanism of action of memantine. Curr. Opin. Pharmacol. 2006, 6, 61–67.
[CrossRef]
48. Martinez-Coria, H.; Green, K.N.; Billings, L.M.; Kitazawa, M.; Albrecht, M.; Rammes, G.; Parsons, C.G.;
Gupta, S.; Banerjee, P.; LaFerla, F.M. Memantine improves cognition and reduces Alzheimer’s-like
neuropathology in transgenic mice. Am. J. Pathol. 2010, 176, 870–880. [CrossRef]
49. Minkeviciene, R.; Banerjee, P.; Tanila, H. Memantine improves spatial learning in a transgenic mouse model
of Alzheimer’s disease. J. Pharmacol. Exp. Ther. 2004, 311, 677–682. [CrossRef]
50. Nagakura, A.; Shitaka, Y.; Yarimizu, J.; Matsuoka, N. Characterization of cognitive deficits in a transgenic
mouse model of Alzheimer’s disease and effects of donepezil and memantine. Eur. J. Pharmacol. 2013, 703,
53–61. [CrossRef]
Pharmaceutics 2020, 12, 284 17 of 17
51. Nyakas, C.; Granic, I.; Halmy, L.G.; Banerjee, P.; Luiten, P.G.M. The basal forebrain cholinergic system in aging
and dementia. Rescuing cholinergic neurons from neurotoxic amyloid-β42 with memantine. Behav. Brain
Res. 2011, 221, 594–603. [CrossRef] [PubMed]
52. Scholtzowa, H.; Wadghiri, Y.Z.; Douadi, M.; Sigurdsson, E.M.; Li, Y.S.; Quartermain, D.;
Banerjee, P.; Wisniewski, T. Memantine leads to behavioral improvement and amyloid reduction in
Alzheimer’s-disease-model transgenic mice shown as by micromagnetic resonance imaging. J. Neurosci. Res.
2008, 86, 2784–2791. [CrossRef] [PubMed]
53. Li, Y.; Sun, W.; Han, S.; Li, J.; Ding, S.; Wang, W.; Yin, Y. IGF-1-Involved Negative Feedback of NR2B NMDA
Subunits Protects Cultured Hippocampal Neurons Against NMDA-Induced Excitotoxicity. Mol. Neurobiol.
2017, 54, 684–696. [CrossRef] [PubMed]
54. Izumida, H.; Takagi, H.; Fujisawa, H.; Iwata, N.; Nakashima, K.; Takeuchi, S.; Iwama, S.; Namba, T.;
Komatu, Y.; Kaibuchi, K.; et al. NMDA receptor antagonist prevents cell death in the hippocampal dentate
gyrus induced by hyponatremia accompanying adrenal insufficiency in rats. Exp. Neurol. 2017, 287, 65–74.
[CrossRef] [PubMed]
55. Volianskis, A.; France, G.; Jensen, M.S.; Bortolotto, Z.A.; Jane, D.E.; Collingridge, G.L. Long-term potentiation
and the role of N-methyl-D-aspartate receptors. Brain Res. 2015, 1621, 5–16. [CrossRef] [PubMed]
56. Amidfar, M.; Kim, Y.K.; Wiborg, O. Effectiveness of memantine on depression-like behavior, memory deficits
and brain mRNA levels of BDNF and TrkB in rats subjected to repeated unpredictable stress. Pharmacol. Rep.
2018, 70, 600–606. [CrossRef]
57. Hu, N.W.; Klyubin, I.; Anwy, R.; Rowan, M.J. GluN2B subunit-containing NMDA receptor antagonists prevent
Aβ-mediated synaptic plasticity disruption in vivo. Proc. Natl. Acad. Sci. USA 2009, 106, 20504–20509.
[CrossRef]
58. Liu, Z.; Zhou, T.; Ziegler, A.C.; Dimitrion, P.; Zuo, L. Oxidative Stress in Neurodegenerative Diseases: From
Molecular Mechanisms to Clinical Applications. Oxid. Med. Cell. Longev. 2017, 2017, 2525967. [CrossRef]
59. Kamat, P.K.; Kalani, A.; Rai, S.; Swarnkar, S.; Tota, S.; Nath, C.; Tyagi, N. Mechanism of Oxidative Stress
and Synapse Dysfunction in the Pathogenesis of Alzheimer’s Disease: Understanding the Therapeutics
Strategies. Mol. Neurobiol. 2016, 53, 648–661. [CrossRef]
60. Lau, C.G.; Takeuchi, K.; Rodenas-Ruano, A.; Takayasu, Y.; Murphy, J.; Bennett, M.V.I.; Zukin, R.S. Regulation
of NMDA receptor Ca2+ signalling and synaptic plasticity. Biochem. Soc. Trans. 2009, 37, 1369–1374.
[CrossRef]
61. Reyes, R.C.; Brennan, A.M.; Shen, Y.; Baldwin, Y.; Swanson, R.A. Activation of neuronal NMDA receptors
induces superoxide-mediated oxidative stress in neighboring neurons and astrocytes. J. Neurosci. 2012, 32,
12973–12978. [CrossRef] [PubMed]
62. Kamat, P.K.; Rai, S.; Swarnkar, S.; Shukla, R.; Nath, C. Mechanism of synapse redox stress in Okadaic acid
(ICV) induced memory impairment: Role of NMDA receptor. Neurochem. Int. 2014, 76, 32–41. [CrossRef]
[PubMed]
63. Tönnies, E.; Trushina, E. Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s Disease. J. Alzheimers Dis.
2017, 57, 1105–1121. [CrossRef] [PubMed]
64. Castro-Alvarez, J.F.; Uribe-Arias, A.; Raigoza, D.M.; Cardona-Gómez, G.P. Cyclin-dependent kinase 5, a node
protein in diminished tauopathy: A systems biology approach. Front. Aging Neurosci. 2014, 6, 232. [CrossRef]
[PubMed]
65. Liu, Y.; Cao, L.; Zhang, X.; Liang, Y.; Xu, Y.; Zhu, C. Memantine Differentially Regulates Tau Phosphorylation
Induced by Chronic Restraint Stress of Varying Duration in Mice. Neural Plast. 2019, 2019, 4168472. [CrossRef]
[PubMed]
66. Li, L.; Sengupta, A.; Haque, N.; Grundke-Iqbal, I.; Iqbal, K. Memantine inhibits and reverses the Alzheimer
type abnormal hyperphosphorylation of tau and associated neurodegeneration. FEBS Lett. 2004, 566,
261–269. [CrossRef]
67. Wang, X.; Blanchard, J.; Grundke-Iqbal, I.; Iqbal, K. Memantine attenuates Alzheimer’s disease-like pathology
and cognitive impairment. PLoS ONE 2015, 10, e0145441. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
